of schizophrenia is the dopamine hypothesis, which Unlike NR1 null mice, these mice survive to adulthood maintains that dysfunction of the dopamine neurotransand display behavioral abnormalities, including inmitter system underlies the behavioral abnormalities creased motor activity and stereotypy and deficits in that accompany schizophrenia. This hypothesis is based social and sexual interactions. These behavioral alter- 
structures (Nieollon et al., 1983), and therefore dopamine receptor blockade may act to balance glutamatergic insufficiency (Carlsson et al., 1997).
We describe here the production of a genetically altered mouse line that expresses 5%-10% of the normal level of Nr1. While these mice are deficient in NMDA receptors, they express sufficient levels to allow survival to adulthood. Nr1 mutant mice display behavioral abnormalities that have been related to schizophrenia, and these behaviors are ameliorated by the antipsychotic drugs haloperidol and clozapine. The greater efficacy of clozapine over haloperidol in the treatment of these mice and the observation of unchanged levels of dopaminergic transmission suggest that the abnormal behaviors are produced without major modifications of the dopaminergic system. These results provide evidence supporting the hypothesis that dysfunction of glutamatergic pathways, specifically those utilizing NMDA receptors, can lead to the pathologic changes that characterize schizophrenia.
Results

Generation of a Hypomorphic Allele of Nr1
A mouse line expressing reduced levels of the NR1 subunit of NMDA receptors was generated using homologous recombination in embryonic stem cells. A targeting vector was designed that, upon integration into the Nr1 locus (now designated Grin1), resulted in the insertion of a neomycin resistance gene into intron 20 (Figure 1 ). ES cells carrying the targeted mutation were used to generate mice with an altered Nr1 allele (Nr1 neo ϩ/Ϫ). These animals were intercrossed and used to examine the impact of the intronic insertion on Nr1 expression and on the survival of Nr1 neo Ϫ/Ϫ mice. No perinatal lethality was observed, and Nr1 neo homozygous mice were identified at expected frequency at weaning. Nr1 neo Ϫ/Ϫ mice were slightly smaller than littermates. Although the weight difference between the two groups persisted into adulthood, the magnitude of the differ- (Figure  2 ). The increased motor activity occurred during habitua-PCP selected to elicit maximal motor stimulation (Gleason and Shannon, 1997) ( Figure 3 ). Both drugs were tion to a new environment, since the motor activity of 
Discussion
We describe here the development of a mouse line that expresses 5%-10% of normal levels of the NR1 subunit of NMDA receptors. This level of expression is sufficient to allow survival to adulthood. NMDA receptor-deficient mice display an increase in both motor activity and stereotypic behavior similar to that observed on treatment of normal mice with the NMDA receptor antagonists scribed in recent reviews and commentaries (Branbury Conference, 1997; Crawley et al., 1997). To increase the probability that alleles of various genes, including those linked to Nr1, were included in both populations, mice Sexual Dysfunction of Nr1 neo Ϫ/Ϫ Mice Nr1 neo Ϫ/Ϫ males housed with wild-type females failed that had inherited the wild-type 129 allele from the ES chimeras were used in establishing the breeding populato produce litters even after extended breeding. Histological examination of the Nr1 neo Ϫ/Ϫ testes revealed tion. However, while all Nr1 neo Ϫ/Ϫ mice were expected to be homozygous for 129 alleles of genes linked to that all stages of spermatogenesis were represented and that mature spermatozoa were present in the lumen Nr1, this would be true of only a quarter of the control animals. We cannot, therefore, formally rule out the posof seminiferous tubules (data not shown). We studied the frequency with which Nr1 neo Ϫ/Ϫ mice copulate with sibility that homozygosity at these loci contributes in part to the phenotype described. This seems unlikely, females by presenting Nr1 neo Ϫ/Ϫ and wild-type males with females induced to ovulate by treatment with hCG however, since previous studies have reported that 129 mice display slightly less motor activity than C57BL/6 and ( Table 1) . Successful mating was scored the following morning by examination of the females for the presence DBA/2 (Kelly et al., 1998). Furthermore, strain-specific alleles were inherited equally in Nr1 ϩ/ϩ and Ϫ/Ϫ mice, of a copulation plug. While the majority of wild-type males produced copulation plugs, Nr1 neo Ϫ/Ϫ males probased on the examination of 11 microsatellite marker genes on ten chromosomes (data not shown). duced none. To determine whether this abnormal sexual behavior was related to the observed social withdrawal
The hypomorphic mutation introduced into the Nr1 gene allows sufficient expression to avoid perinatal leresulting in an indirect increase in dopaminergic tone. thality, thus allowing the consequences of chronic reHowever, this hypothesis is not consistent with our failduction in expression of all NMDA receptors to be studure to detect significant changes in striatal dopaminer- In summary, the mice described here support a model reflect the difficulty in studying complex behaviors, such in which decreased NMDA receptor expression leads to as mating, in models where behavior resembling schizoextensive behavioral changes that are believed to model phrenia is relatively short lived and underscores the poschizophrenia. Furthermore, the evidence presented here tential usefulness of a model in which chronic reduction suggests that monoaminergic transmission also plays in NMDA receptor activity is achieved using a genetic a role in these changes. The response of Nr1 neo Ϫ/Ϫ approach. mice to antipsychotics addresses the question of how Schizophrenia is regarded as a progressive mental symptoms of schizophrenia can be treated with drugs illness because symptoms such as cognitive impairment that act on dopaminergic and serotonergic systems, yet worsen with age and early diagnosis and treatment have be associated with a dysfunction of the glutamatergic been associated with an improved outcome (Coyle, system. Continued studies of these mice will undoubt-1996). Future studies should allow us to determine edly lead to a better understanding of the role of NMDA whether the deficits in motor activity and social behavior receptors in this disease. In addition, these animals will seen in the Nr1 neo Ϫ/Ϫ also become more severe with provide a tool for examining the involvement of NMDA age. In addition, as long-term administration of clozareceptors in the wide range of both normal and pathologpine is required for optimal treatment of schizophrenia ical processes in which they have been proposed to (Meltzer, 1991), it is possible that extended administraplay a role. tion of clozapine will further improve the behavioral deficits seen in the Nr1 neo Ϫ/Ϫ mice. Hyperlocomotion and stereotypy are commonly con- Male wild-type or Nr1 neo Ϫ/Ϫ mice were housed individually or in groups of three or four for at least 1 week prior to testing, and cage bedding was changed 24 hr prior to testing. As described in Dixon RT-PCR of Nr1 neo Ϫ/Ϫ mRNA et al. (1994) , in this assay, a group-housed male (intruder) was placed Total RNA from brains of Nr1 neo Ϫ/Ϫ and wild-type mice was isolated in the home cage of the individually housed male (resident), and as described above and 3 g used as a template for reverse trantheir behavior was video recorded for 6 min. Experimental groups scription (cDNA Cycle Kit, Invitrogen, San Diego, CA), followed by included eight wild-type residents, eight Nr1 neo Ϫ/Ϫ residents, eight PCR amplification with primers specific for Nr1 exons 10-22. Overwild-type intruders, and eight Nr1 neo Ϫ/Ϫ intruders. One week after lapping regions of Nr1 cDNA were applified using three primer sets: the initial set of experiments, the mice were retested under identical 5ЈACAGAGAAGCCTCGAGGATA with 5ЈAGGAAAACCACATGGCA conditions, except that Nr1 neo Ϫ/Ϫ mice were injected with 0.5 mg/ GAG, 5ЈTTCAGTCCCTTTGGCCGATT with 5ЈGCGGGAGTCACATTC kg (i.p.) clozapine 1 hr prior to testing. The videotaped behavior of TTGAT, and 5ЈGGGTACTCTTACCGAAGTAC with 5ЈAGAAATACACA the resident or intruder male was individually scored by two blinded GACAAGGCG. The PCR products were cloned into pCR2.1 using the observers for time spent in social investigation (approaching, sniff-TA cloning kit (Invitrogen). For each PCR product, two independent ing, grooming other mouse, and sexual behaviors), in escape behavclones were sequenced by Taq cycle sequencing using an Applied iors (actively avoiding other mouse), or in fighting behaviors. The BioSystems 373 A Automated Sequencer (UNC-CH Automated Sescores for each behavior were subsequently averaged for each gequencing Facility).
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